The process of pressure-induced denaturation of carboxypeptidase Y and the role of the carbohydrate moiety in its response to pressure and low temperature were investigated by measuring in situ the catalytic activity and, the intrinsic and 8-anilino-1-naphthalene sulfonic acid binding fluorescences.
Carboxypeptidase Y (CPY), a 61-kDa vacuolar enzyme from Saccharomyces cerevisiae belongs to the family of serine proteases [1] . Its catalytic triad is made of Ser146, Asp338 and His397. This monomeric enzyme, which consists of 421 amino-acid residues and five disulfide bonds, is a glycoprotein [2] . The carbohydrate moiety accounts for about 16% of the molecular mass [3] and consists of four asparagine-linked phosphorylated oligosaccharide chains of roughly equal size [Man 9±18 (GlcNAc) 2 (PO 4 2± ) 0±2 ] [4±7]. Although much is known about the structure and biosynthesis of the oligosaccharides in CPY, the definitive role of the associated sugar moiety in the structure and function of this enzyme has yet to be established. Studies carried out with carbohydrate-free CPY, obtained by growing yeast in the presence of an inhibitor of N-linked glycosylation or by mutation, showed that the carbohydrate moiety does not affect the processing of the CPY precursor, its accurate vacuolar targeting, or its transport, but the rate of transport of unglycosylated CPY through secretory pathway to the vacuole was reduced [5, 8] . Complete removal of carbohydrate by endo b-N-acetylglucosaminidase H increased the respective rates of SDS-induced inactivation and proteolytic degradation by two and threefold, compared to the rates for glycosylated CPY [9] . However, neither the in-vivo nor the in-vitro stability and activity of unglycosylated CPY obtained by mutation were significantly different than that of wild-type CPY (WtCPY) [8] .
High pressure is increasingly used as a`reagentless denaturant' to study the protein denaturation [10] . This tool is especially well adapted to the study of cold denaturation of protein because pressure decreases the freezing point of water [11] . Therefore, cold denaturation can be studied without using a cryoprotectant (which may interact with the protein, making interpretation more complicated).
Intrinsic and 8-anilino-1-naphthalene sulfonic acid (ANS)-binding fluorescence spectroscopies are useful techniques to study structural changes during protein denaturation. The intrinsic fluorescence of protein is mainly due to tryptophan and tyrosine residues [12] . The wavelength at maximum fluorescence, thus the center of the spectral mass, depends on the polarity of the environment around these residues, i.e. the center of the spectral mass decreases as the polarity of the environment increases [13] . On the basis of this characteristic, the environment of the tryptophan and tyrosine residues can be monitored experimentally upon protein denaturation. CPY is composed of nine tryptophan and 23 tyrosine residues evenly distributed throughout the entire protein molecule. The intrinsic fluorescence of CPY therefore can be used to trace the overall denaturation. ANS is a fluorescent probe specific for the hydrophobic regions of a protein molecule. It is used to monitor q FEBS 1999 protein denaturation because its fluorescence is enhanced when it is bound to solvent-exposed hydrophobic areas of proteins [13, 14] . Both techniques have been adapted for use in highpressure studies [10] .
Some effects of high pressure on the activity and structure of CPY have been published [15] ; but, in those studies the conformational transition could not be fully observed because of technical limitations. Moreover, CPY is very resistant to cold denaturation, i.e. several freezing-thawing cycles at atmospheric pressure do not inactivate this enzyme [1, 16] . In our opinion, this unique property of CPY arises from its high oligosaccharide content. For this reason, high pressure appeared to be of special interest for investigating the role of the carbohydrate moiety in the conformational stability and activity of CPY in the lowtemperature range. We describe the pressure-induced denaturation process and discuss the possible role of the carbohydrate moiety in the response to high pressure and low temperature based on in-situ intrinsic CPY and ANS-binding fluorescence spectroscopy findings and measurements of enzymic activity.
MATERIALS AND METHODS

Enzymes
WtCPY was purified as described previously [1] with modifications [17] . Unglycosylated CPY (DglyCPY) was obtained by site-directed mutagenesis. In this mutant enzyme, the asparagine residues of the four Asn-Xaa-Thr glycosylation sites have been replaced by alanine residues. The enzyme was expressed in S. cerevisiae and purified by a modification of the procedure used for WtCPY. The main modifications were disruption of the cells by glass beads and the lack of the activation step, not required because DglyCPY was already in the active state after cell disruption [18] . Some of the DglyCPY we used was prepared by H. Shimizu [18] . Both enzyme preparations were electrophoretically pure. The specific activity of DglyCPY was similar to that of WtCPY, therefore it was assumed that complete unglycosylation has no effect on the tertiary structure of the enzyme. Both enzymes were stored in solution in 10 mm potassium phosphate buffer, pH 7, at 220 8C and at concentrations of at least 2 mg´mL 21 . Under these conditions WtCPY is stable for at least 2 years [1] , and DglyCPY at least for the duration of this experiment.
Buffer and chemicals
Tris buffer, ANS (lot M6B9346) and N-acetyl l-tyrosine ethyl ester (ATEE; lot M3K6958) were obtained from Nacalai Tesque (Kyoto, Japan). Tris/HCl buffer was chosen because its pK does not change significantly as a function of pressure [19] .
Activity measurement
In-situ effects of pressure on the catalytic activity of CPY were investigated by measuring the apparent second-order rate of ATEE hydrolysis. Absorbance changes at 237 nm were recorded under pressure using a high-pressure optical cell (Teramecs, Kyoto, Japan) set inside a Shimidzu UV-2500 spectrophotometer [20] . The activation volumes (DV ± ) were derived from the pressure dependence of the apparent second-order rate constant according to the equation:
where k is the relative apparent second-order rate constant k cat /K m .
Fluorescence spectroscopy
Both intrinsic and ANS-binding fluorescence measurements were made with a AB2 fluorospectrophotometer (SLM Co.), modified in the INSERM laboratory to measure the fluorescence in the pressure range from 0.1 to 700 MPa through a thermostated high-pressure cell as described previously [21, 22] . Each spectrum was the result of three accumulations. Fluorescence intensities were first corrected by subtracting the fluorescence spectra of the buffer (for intrinsic fluorescence) or the free ANS in buffer (for ANS-binding fluorescence) at each pressure. Then, they were corrected for volume contraction under high pressure based on the published compressibility of water and solutions [23] .
The excitation wavelength was 280 nm for intrinsic fluorescence measurements, therefore recorded spectra (between 300 and 400 nm) were the sum of the tryptophan and tyrosine contributions. The center of the spectral mass, defined below, was used to quantify the spectra [13, 24] :
where n i is the wave number and F i the fluorescence intensity at n i . The excitation wavelength was 350 nm for ANS-binding fluorescence, and emission spectra were recorded between 420 and 600 nm. The fluorescence intensity at the peak wavelength (475 nm) was used to quantify the pressure-induced changes. The ANS concentration was 65 mm in 50 mm Tris/HCl buffer, pH 7, as determined spectrophotometically at 350 nm using 5000 cm 21´m21 as the molar absorption coefficient.
Experimental procedures. The enzyme concentration in all the experiments was 0.1 mg´mL 21 (1.60 mm for WtCPY or 1.95 mm for DglyCPY). After each change of temperature or pressure, the system was allowed to equilibrate for 5 min before the spectral recording. When experiments were performed at 25 8C, the sample was pressurized to about 100 MPa at 25 8C then, the temperature was lowered to 25 8C. When experiments were performed at 212.5 8C, the sample was pressurized to about 200 MPa at 5 8C then the temperature was lowered to 212.5 8C. Under these conditions, the sample solution remained in the liquid state. The equilibrium temperature of the solid and liquid of type I ice is lowered as pressure increases up to 200 MPa, pressure at which the freezing temperature of water is about 222 8C [11] . The highest pressure that could be applied at a given temperature was derived from the water phase-transition diagram, i.e. about 500 MPa below 25 8C [11] . Water condensation and ice formation on the sapphire windows were avoided by flushing them with a fine, dry-nitrogen gas flow.
Determination of thermodynamic parameters. The thermodynamic parameters DG 0 and DV of the pressure-induced spectral transitions were determined by analyzing the center of the spectral mass (intrinsic fluorescence) or fluorescence intensity at 475 nm (ANS-binding fluorescence). A two-state transition with a constant reaction volume was assumed [25] . If a physical parameter is assumed to take distinct values in these two states, A 1 and A 2 , and an increase of pressure to cause a transition from one to the other state, then the equilibrium constant at a given pressure (K (P) ) is
where A (P) is the intermediate value of the parameter at a given pressure, P.
The pressure dependence of K (P) is related to DG at P = 0.1 MPa (DG 0 ) and DV as follows:
Combining Eqns (3) and (4),
The fit of A = F(P) in Eqn (5) was used to determine the thermodynamic parameters. The pressure of half transition (P 1/2 ) is given by:
RESULTS
Effect of pressurization at 25 8C on the intrinsic fluorescence of WtCPY and DglyCPY
A gradual decrease in the center of the spectral mass of the intrinsic fluorescence spectrum of WtCPY occurred with increasing pressure at 25 8C (Fig. 1A) , indicating that the tryptophan and tyrosine residues become more exposed to the solvent (water) due to the pressure-induced unfolding of the WtCPY molecule (pressure limited at 650 MPa). The transition curve did not follow a simple two-state transition, but WtCPY unfolding seemed to occur through a multistep process, of at least three transitions (or four states) although the final state of the third transition was not reached. The first transition was completed at about 130 MPa, the second transition occurred between roughly 200 and 500 MPa and the last transition began at a pressure higher than 540 MPa. After pressure release from the highest pressure tested, changes in the center of the spectral mass of the intrinsic fluorescence were only partially reversible, as shown by the closed circle in Fig. 1A . Based on the clear sigmoidal shape of the second transition, its pseudo-thermodynamic parameters, DG 0 app and DV app , were calculated assuming a two-step transition (the superscript app means the apparent and pseudo-thermodynamic parameters for fundamentally nonequilibrium (irreversible) transition [15] ). These parameters were DG 0 app = 20.6 kJ´mol 21 and DV app = 261 mL´mol
21
. The pressure of half transition was 334 MPa.
Effects of pressure increases at 25 8C on the intrinsic fluorescence of DglyCPY were similar to those for WtCPY (Fig. 1B) ; the unfolding of DglyCPY also proceeded via at least three transitions. This suggests that the carbohydrate moiety does not affect the global unfolding pathway of CPY. After pressure release from the highest pressure applied, the changes observed were only partly reversible, as shown by the closed circle. The main difference between WtCPY and DglyCPY is that the first and second transitions clearly occurred at lower pressures for DglyCPY, suggesting that its conformation is more easily perturbed by the pressure. Indeed, the pressure of the halfsecond transition was P Dotted lines show the half of the second transition. q FEBS 1999
lower P 1/2 -value than WtCPY was due to a larger negative DV app ( Table 1) .
Effect of pressurization at 25 8C on the ANS-binding fluorescence of WtCPY and DglyCPY ANS-binding fluorescence was also used to study conformational changes induced by pressure. Figure 2A shows the fluorescence intensity at 475 nm (wavelength peak of bound ANS) of ANS-WtCPY as a function of pressure. At 0.1 MPa, the fluorescence intensity was relatively low, indicating that ANS has only very low affinity for native WtCPY. As pressure increased, ANS-binding fluorescence was progressively enhanced (open circle) indicating that ANS binds progressively to WtCPY as the pressure increases, in other words the hydrophobic core of WtCPY becomes more exposed to solvent due to pressure-induced unfolding. Upon pressure release, the fluorescence intensity at 475 nm decreased but did not return to the initial value (closed circle). The transition curve of ANS-binding fluorescence did not follow a single two-state transition, but occurred through two transitions (or three states). This differs from the three-transition process found with intrinsic fluorescence spectroscopy (Fig. 1A) . and DV app = 247 mL´mol
. The pressure of half transition was 344 MPa. The good agreement of this latter value with that of the second transition determined from the intrinsic fluorescence of WtCPY (334 MPa) suggests that they correspond to the same conformational transition. The second transition of ANS-binding fluorescence started at a pressure higher than 540 MPa and no saturation was observed even at the highest pressure applied (630 MPa).
The pressure increase induced similar changes in ANS-DglyCPY fluorescence (Fig. 2B ), but the first transition occurred at a pressure lower than that for WtCPY (P 1/2 was 309 and 344 MPa, respectively). After pressure release, the changes in ANS-binding fluorescence were also only partly reversible (Fig. 2B, closed circle) . The pseudo-thermodynamic parameters for this transition were DG 0 app = 18.7 kJ´mol 21 and DV app = 259 mL´mol
.
Effects of pressurization at 25 8C on catalytic activity of WtCPY and DglyCPY Figure 3 shows the pressure dependence (compared to that at 0.1 MPa) of the relative apparent second-order rate of the hydrolysis of ATEE for both WtCPY and DglyCPY at 25 8C and pH 7. A fresh enzyme/substrate solution was used for each pressure treatment. The substrate concentration was kept at 0.2 mm (roughly , 10% of K m ) in order to access the apparent second order rate. The activation volumes (DV ± ) were calculated from Eqn (1). As shown in Fig. 3 inside, the plot of ln(k cat /K m ) vs. pressure was linear but biphasic. This behavior may be related to the multistep process observed with intrinsic fluorescence spectroscopy. The pressure producing a 50% decrease in the activity was 260 MPa for WtCPY and 230 MPa for DglyCPY. To calculate DV³, two pressure ranges were considered: from 0.1 to 200 MPa and pressures above 200 MPa. Table 2 gives the values obtained. The extent of inactivation was limited for WtCPY and DglyCPY at pressures lower than 200 MPa, DV³ was 3.3 and 4.5 mL´mol
, respectively, for WtCPY and DglyCPY. At higher pressures, both enzymes were more extensively inactivated. In the pressure domain above 200 MPa, DV³ was 21.8 and 34.3 mL´mol 21 , respectively, for WtCPY and DglyCPY. Under 400 MPa, the maximum pressure for absorption measurement in our laboratory, the remaining activity of DglyCPY was 3.3%. As 400 MPa coincides only just to the end of the second transition (slight changes of ANS-binding fluorescence occurred up to 450 MPa), it is likely that a small amount of nondenatured protein remains under this pressure. Thus, the remaining activity is likely to be associated with the nondenatured protein, whereas the denatured protein is fully inactive. The same conclusion can be inferred for WtCPY.
Effects of temperature on pressure-induced conformational changes
The effects of pressure at subzero temperatures (25 and 212.5 8C) on the conformation of WtCPY and DglyCPY were investigated. To keep the sample in the liquid state, the pressure was first set near the target value then, the temperature was lowered to the desired value (see Materials and methods).
Because of the technical restraints described above, the transition that occurred at about 100 MPa at 25 8C in the intrinsic fluorescence studies was not observable in experiments at subzero temperatures. At 25 8C, the second transition was completed (both initial and final plateaus were observed) and the pseudo-thermodynamic parameters could be calculated, but the final point of the third transition could not be reached. At 212.5 8C, the first point was determined under 200 MPa and was located on the exponential transition. In other words, roughly half the second transition was reached. Therefore, P 1/2 could only be estimated. The third transition was not completed. Studies of ANS-binding fluorescence were also performed at 25 8C. Table 1 gives all the pseudo-thermodynamic parameters determined for the transition that occurs between 150 and 500 MPa. The P 1/2 -values found for the intrinsic and ANS-binding fluorescence at a given temperature are quite similar (Table 1) . For both enzymes, in both intrinsic and ANS-binding fluorescence studies, there is the tendency for P 1/2 to decrease with a decrease in temperature (Fig. 4) . This is consistent with the elliptical shape for enzyme inactivation and denaturation reported by others [26, 27] . In general, the decrease in P 1/2 with the decrease in temperature was due to marked drop in DV app (Table 1 ). Figure 4 also indicates that P 1/2 for DglyCPY is about 45 MPa lower than that for WtCPY at any given temperature of pressurization. This difference is mainly due to a larger negative DV app for DglyCPY than for WtCPY (Table 1) , whereas DG 0 app seems to be less affected.
DISCUSSION
Pressure-induced denaturation process of CPY
Results of in-situ intrinsic and ANS-binding fluorescence and those of enzymic inactivation under pressure showed that pressure-induced denaturation of CPY at 25 8C underwent the same global pathway whether or not the enzyme was glycosylated. A process of at least three transitions is inferred. Relatively low pressures (below 150 MPa) induced conformational changes as shown by the decrease in the center of the spectral mass of the intrinsic fluorescence spectra (Fig. 1) . These conformational changes are probably small as the amplitude of the changes in the center of the spectral mass is small and the hydrophobic core of the protein is not affected (no increase in ANS-binding fluorescence, Fig. 2 ). Moreover, in that pressure range, almost 80% of the catalytic activity of both enzymes remained (Fig. 3) . Because the structural changes in this pressure region are small, this slight decrease in activity might be due to direct pressure effects on catalytic phenomena.
Higher pressures, between 150 and 500 MPa, induced greater change in the intrinsic fluorescence spectra with a concomitant increase in the exposure of the CPY hydrophobic core to the solvent (Figs 1 and 2) . In that pressure range, denatured enzymes lost all their activity. Therefore, conformational changes observed in this pressure range probably correspond to alterations of the active-site structure. Moreover, it is likely that this pressure-induced intermediate is a molten globule-like state because the loss of activity and capacity to bind ANS are two characteristic properties of a molten globule structure. Previous reports also support the evidence of a molten globulelike state [15] .
The high pressures of up to 650 MPa applied showed an additional transition in the fluoresence spectra at pressures higher than <540 MPa (Figs 1 and 2) . The question of whether this new transition corresponds to conversion from the molten globule-like state to the completely denatured state or to a second molten globule-like state is addressed. Because this transition is characterized by a marked enhancement of ANS-binding fluorescence, it is likely that this transition leads to the formation of a second molten globule-like state. Thus, at least two intermediates exhibiting molten globule-like structure are sequentially obtained upon pressure-induced denaturation. Such`multiple molten globule-like state transitions' processes have also been reported for other proteins [28, 29] , however, it differs completely from results reported for the tetrameric carboxypeptidase A and the tetrameric carboxypeptidase from Sulfolobus solfataricus [21, 30] .
The following plausible denaturation pathway accounting for the data presented above can be given:
where N is the native state; N H , the native-like state; MG 1 , the first molten globule-like state; and MG 2 , the second molten globule-like state. After the pressure release from highest pressure applied, the conformational changes were only partly reversible. However, the results presented here do not allow one to determine which stage is responsible for irreversibility. Indeed, the reversibility was checked after pressure release from a pressure at which the third transition has already started. Besides, irreversibility may be due to the fact that a pro-region in the pre-matured protein is required for the correct refolding of CPY [31, 32] , although a possible aggregation of the (partially) unfolded molecule can not be ruled out.
The state N H has a conformation similar to that of the native state: the environment of the aromatic residues is only slightly more polar and the hydrophobic core is not affected. Thus, N H can be the equilibrium intermediate counterpart of the most structured folding (kinetic) intermediate. H is further successively unfolded into MG 1 and MG 2 as pressure increases. Two models can be proposed to explain a two-step transition process.
(a) Each of the transition embraces the whole molecule in two successive partial melting processes. Or in other words, the molten globule-like properties in both MG 1 and MG 2 encompass the entire polypeptide chain: the whole molecule is melted into a first molten globule, which is then melted into a second molten globule state. Such a pathway has been suggested for other proteins [29] . In such cases, the second molten globule state is less compact than the first molten globule state; it still has a partial secondary structure and binds ANS but less than the first molten globule state. Thus, our results do not support this model because MG 2 binds more ANS than MG 1 .
(b) Alternately, the two-step pathway can be explained by a sequential unfolding of at least two structural domains. In other words, the protein molecule is assumed to be composed of at least two domains and each of which unfolds independently. According to this model, MG 1 corresponds to the melting of one domain into a molten globule-like state, whereas the second domain preserves its native conformation. The MG 2 corresponds to the melting of the second domain into a molten globule-like state.
Structural inspection of the tertiary structure of CPY gives evidences consistent with this latter model. Figure 5 shows that the secondary elements of CPY form two clear domains: the central core is formed by b-sheets, whereas helices are on the external part of the molecule. Thus, it is likely that these two structural domains of CPY undergo conformational changes nonsimultaneously, showing that they are independent and differ in stability against high pressure-induced denaturation. The next question is: which domain unfolds first upon pressurization? We showed that the transition leading to MG 1 is concomitant with the loss of activity, thus with the alteration of the active site. However, because the catalytic triad is located at the interface of the two domains, results presented here do not yet allow one to definitely answer the above question.
Role of the carbohydrate moiety of CPY, in pressure-induced denaturation
In the absence of the carbohydrate moiety, the pressure of the half transition of the center of the spectral mass was lowered by about 50 MPa at 25 8C (Table 1) . Although the difference is small, it was consistently observed at all the temperatures investigated. Results of ANS-binding fluorescence (Table 1) and enzyme inactivation (Fig. 3, Table 2 ) closely parallel the finding of intrinsic tryptophan fluorescence and provide additional evidence that glycosylation enhances the conformational stability of the active site against pressure. Whereas a distinct difference, in pressure stability was found, our results do not explain the molecular basis by which carbohydrate affects CPY properties.
CD spectra in the far UV indicated that the secondary structure of DglyCPY is similar to that of WtCPY [18] . Moreover, unglycosylation does not affect the tertiary structure of CPY (DglyCPY has the same specific activity as WtCPY), this is consistent with the fact that the four glycosylation sites are located on the protein surface, and none is close to the active site of the enzyme [4] (Fig. 6) . However, WtCPY was less easily perturbed than DglyCPY. Consequently, although glycosylation has negligible effects, if any, on CPY overall secondary and tertiary structure, it induces local rearrangements, which enhance the stability of the enzyme. The view of local reorganization in the vicinity of glycosylation sites is supported by results reported for other glycoproteins [33, 34] .
The lower P 1/2 may be due to a lower DG 0 app and/or larger DV app (see Eqn 6) . From the data in Table 1 , the DG 0 app for DglyCPY is generally slightly larger than that for WtCPY. The lower P 1/2 -values observed for DglyCPY were therefore due to a markedly larger negative DV app , and only the effects of the carbohydrate moiety on the changes in volumes are discussed below, neglecting the changes in DG 0 app . Changes in the reaction volume on pressurization are commonly explained in terms of (a) intrinsic contribution and (b) solvent contribution [10] .
(a) Effects of the carbohydrate moiety on cavities (intrinsic contribution). The intrinsic contribution is mainly due to reduction of the internal cavities associated with the imperfect packing of amino-acid residues [10] . Because all the carbohydrate chains are located on the surface of the protein molecule, we believe that their removal does not form additional internal cavities, which would have, in turn, led to a larger volume decrease under pressure. Although we cannot rule out the possibility that protective effects described below indirectly influence the effect of pressure on the compressibility of normal CPY cavities, we assume that protection arises mainly from different hydration properties (solvent contribution) due to local rearrangements in the vicinity of the glycosylation chains.
(b) Effects of carbohydrate moieties on the protein hydration (solvent contribution). Local rearrangements by which a carbohydrate moiety protects CPY may consist in the formation of noncovalent interactions between the carbohydrate moiety and the peptide backbone. These interactions will decrease the protein conformational mobility and thus stabilize the protein. NMR studies performed on a variety of glycoproteins have shown that the carbohydrate moiety forms not only hydrogen bonds but also hydrophobic interactions and van der Waals contacts with the protein moiety [33, 35, 36] . For example, in the crystal structure of glucose oxidase it was shown that the N-linked mannose residue forms strong hydrogen bonds with the backbone nitrogen and carbonyl oxygen of glutamic acid [35] . Rearrangements in the fucosylated proteinase inhibitor probably originate from hydrophobic interaction between the methyl group of Thr16 and that of fucose, as well as from hydrophobic and hydrogen-bond interactions involving Arg18 and the fucosylated Thr9 [33] . A diagram of CPY (Fig. 6) shows that Asn13 is located in a loop, Asn87 at the last residue of an 3 10 -helix, Asn168 between an a-helix and one residue before a b-sheet, and Asn368 in the middle of a b-sheet. Carbohydrate chains at position 87, 168, and 368 may stabilize, via noncovalent interactions, the secondary structure they are close to. It is important to emphasize that the helix containing Asn87 is located in front of a-helix 404±415, which is connected both to the C-terminal residue and His397, a constitutive amino acid of the catalytic site (Fig. 6) . The carbohydrate attached to Asn87 therefore may link these two helices via noncovalent interactions thereby stabilizing the active site region. Because hydrogen bonds are stable under pressure, whereas hydrophobic interactions are disrupted [10, 37] , our results suggest that carbohydrate moiety may enhance CPY stability mainly via the formation of hydrogen bonds between the protein and carbohydrate moieties.
Protection by carbohydrate may also be due to steric hindrance between the sugar and the protein molecule, resulting in reduced solvent accessibility or differential ordering of the water structure around the glycosylation site [38±40]. Again, q FEBS 1999 this effect might be of special importance around the carbohydrate chain linked to Asn87. This chain may form a bridge, via hydrogen bonding, between the helix containing Asn87 and the facing a-helix 404±415. Such linkage would result in reduced accessibility of water into the crevice (which is shown by the gray arrow in Fig. 6 ) that separates these two domains of the CPY molecule. The fact that hydration changes associated with the diffusion of water into cavities contribute to the volume decrease observed during protein unfolding [10, 37] supports our assumption.
Finally, we stress the efficacy of using this high-pressure technique to show the contribution of the carbohydrate moiety to CPY conformational stability, which is not possible using the usual denaturation studies [18] .
